The mean serum uric acid level and the prevalence of hyperuricemia have increased over the past few decades. Hyperuricemia is considered to be responsible for the increased risk of hypertension, insulin resistance, and cardiovascular disease. Metabolic syndrome also contributes to the development of type II diabetes mellitus and cardiovascular disease. Despite the close relationships between uric acid and the components of metabolic syndrome, the causal effect of uric acid on these clinical issues is unclear. Recent studies have revealed the possible development of metabolic syndrome mediated by fructose-induced hyperuricemia. This review summarizes the available clinical and experimental data supporting the causal effect of uric acid on the components of metabolic syndrome, including hypertension, cardiovascular disease, and insulin resistance. (J Rheum Dis 2018;25:19-27)
INTRODUCTION
Uric acid is a ubiquitous byproduct of purine metabolism in humans and higher primates [1] . Precipitation of uric acid (monosodium urate [MSU] crystals) in joints and soft tissues results in the development of gout. Hyperuricemia is defined as a serum urate level above 6.8 mg/mL, which is the limit of urate solubility at physiologic temperature and pH; thus, concentrations greater than this promote the deposition of MSU crystals. However, uric acid also has antioxidant properties in the extracellular environment including biologic fluids [2] . Therefore, increased uric acid level is believed to play a beneficial role in the condition of oxidative stress. In contrast, hyperuricemia can show oxidant effects by forming radicals in reaction with other oxidant molecules. Furthermore, uptake of uric acid by vascular smooth muscle cells and adipocytes led to increased activity of nicotinamide adenine dinucleotide phosphate (NADPH) oxidases [3] . Based on these observations, it has been proposed that uric acid or hyperuricemia is related to risk of hypertension, renal diseases, cardiovascular disease, and type 2 diabetes mellitus in various clinical and epidemiological studies [4, 5] .
Metabolic syndrome is a group of physiological and metabolic abnormalities including obesity, abnormal glucose metabolism, dyslipidemia, and hypertension [6] . Metabolic syndrome is known to be related with increased risk of cardiovascular disease, hypertension, and type II diabetes mellitus [7, 8] . There is growing evidence that there is close association between uric acid and metabolic syndrome [9] [10] [11] . In addition, the prevalence of metabolic syndrome in patients with gout is higher than in control groups [12, 13] . Here, this paper reviews the complex interrelationship between hyperuricemia/gout and metabolic syndrome as well as its components including hy- 
MAIN SUBJECTS Uric acid and metabolic syndrome
In 1998, the World Health Organization (WHO) first described 'metabolic syndrome' [14] . Classification criteria for metabolic syndrome have been proposed by the WHO, the National Cholesterol Education Program Adult Treatment Panel III (NCEP ATP III) [15] , and the International Diabetes Federation (Table 1 ) [16] . However, the definition of metabolic syndrome is still not consistent. Nevertheless, many studies about the effect of elevated uric acid on the development of metabolic syndrome have been performed in the last several decades. Large epidemiologic studies regarding the association between hyperuricemia and metabolic syndrome have shown that increased serum urate concentration is often observed in subjects with metabolic syndrome [9] [10] [11] . Choi and Ford [9] assessed data from 8,669 participants in The Third National Health and Nutrition Examination Survey (NHANES-III) (1988∼1994) and demonstrated that the prevalence of metabolic syndrome increased with increasing serum uric acid levels. In another study, among a total of 2,374 subjects who received a health examination, subjects with hyperuricemia had a 1.63-fold increased risk of metabolic syndrome compared with those without hyperuricemia on the basis of criteria of metabolic syndrome defined by the American Heart Association/National Heart, Lung, and Blood Institute [17] . In two other studies, mean serum uric acid level in patients with metabolic syndrome was about 0.5∼1.0 mg/dL higher than controls [18, 19] . In addition, another study showed that serum uric acid level increased with number of components of metabolic syndrome after adjusting for age, sex, creatinine clearance, and alcohol/diuretic use [19] . Recently, hyperuricemia is recognized as a distinct feature and/or major associated factor of metabolic syndrome (Figure 1 ).
Gout and metabolic syndrome
The prevalence of metabolic syndrome and hyperuricemia/gout has steadily increased. There are data for the prevalence of gout and hyperuricemia in US adults from the NHANES-III (1988∼1994) and NHANES 2007∼ 2008, and they show that the prevalence of these conditions is substantial and has increased over the past two decades [20] . In addition, the prevalence of metabolic syndrome persistently increased in data from the NHANES-III to the NHANES 1999∼2006 in the US population [21] . Similarly, in the Korean population over 20 years old, Lim et al. [22] demonstrated that the prevalence of metabolic syndrome gradually increased from 24.9% in 1998 to 31.3% in 2007. Several clinical investigations showed a higher prevalence of metabolic syndrome in patients with gout compared to the general population [12, 13, 23] . The prevalence of metabolic syndrome in Korean patients with gouty arthritis was 30%∼ 42% according to NCEP ATP III guidelines and 50%∼ 59% according to the WHO Asia-Pacific obesity criteria, both of which were significantly higher than the normal control groups [13, 23] . These findings showed parallel increasing prevalence of both metabolic syndrome and gout and suggested that the two diseases are linked.
Hyperuricemia and hypertension
Epidemiologic studies demonstrated that hyperuricemia is strongly associated with greater risk for hypertension [24, 25] . However, the association between uric acid and incidence of hypertension are still controversial. A recent meta-analysis of 25 studies with a total of 97,824 participants, concluded that hyperuricemia can augment the risk of systemic hypertension, with a dose-dependent relationship [26] . Furthermore, a cohort study in Israel assessed whether normal serum uric acid level, below 5∼6 mg/dL, might be related to hypertension and found that a higher serum uric acid concentration, even within the normal range, increased the risk of hypertension [27] . Even though there is a striking relationship between uric acid and hypertension, there is a lack of evidence explaining the mechanism by which uric acid leads to the development of hypertension. Mazzali et al. [28] developed a rat experimental model with mild hyperuricemia by feeding oxonic acid, a uricase inhibitor. In this experiment, elevated blood pressure was found in hyperuricemic rats after three weeks, whereas control rats had normal blood pressure. An in vivo study showed that hypertension in experimental rats was found to be associated with uric acid, which leads to an ischemic type of injury with collagen deposition, macrophage infiltration, activation of the renin-angiotensin system, and suppression of nitric oxide (NO) synthase. In addition, it was also found that hyperuricemia directly induced renal arteriopathy through proliferation of vascular smooth muscle cells, leading to hypertension in rat [29] . The distal nephron epithelial sodium channel (ENaC) is a key regulator of sodium balance and blood pressure. In a recent in vivo experiment, uric acid increased the expression of three ENaC subunits in murine cortical colleting ducts in hyperuricemic rats with a consequent decrease in urinary sodium excretion, ultimately causing hypertension [30] . Glucose transporter (GLUT)-9, expressed in both apical and basolateral membranes of the distal nephron, is a urate transporter that controls urate homeostasis and determines serum uric acid level. In a family-based study, the risk allele (T) of the rs734555 polymorphism of the GLUT9 gene was strongly associated with serum uric acid level, and subjects with the TT genotype showed higher systolic blood pressure than other genotypes [31] . These findings might provide evidence for enhanced understanding mechanism of uric acid-induced hypertension.
Considering the close association between hyperuricemia and hypertension, serum uric acid might be a potent ther-apeutic target to control blood pressure. In an in vivo rat model, hypertension developed in hyperuricemic rats and was effectively prevented by concurrent treatment with uric acid-lowering agents including allopurinol and benziodarone [28] . In a randomized, double-blind, placebo-controlled, crossover human trial involving 30 adolescents who had newly diagnosed essential hypertension and serum uric acid level ≥6 mg/dL, systolic blood pressure in patients treated with allopurinol (400 mg/day) was significantly decreased, whereas the placebo group experienced no change in blood pressure [32] . Using data from the UK Clinical Practice Research Datalink, allopurinol use was independently associated with a fall in both systolic and diastolic blood pressure after allopurinol initiation [33] . In contrast, a lowering effect of xanthine oxidase inhibitors (allopurinol and febuxostat) on blood pressure was not found in adult hypertensive patients with hyperuricemia [34] . Therefore, a consistent effect of urate-lowering therapy on hyperuricemic hypertension remains to be determined.
Hyperuricemia and cardiovascular disease
Galen, a Roman physician of the 2nd century, described the association between gout, a disease caused by 'debauchery and intemperance,' and cardiovascular diseases [35] . For several decades, many studies investigated whether hyperuricemia or gout was a critical determinant for increased risk of cardiovascular diseases. Recently, these studies have not only supported this relationship, but also demonstrated that uric acid is an independent risk factor for the development of cardiovascular diseases [35] . In an analysis of the Framingham Cohort Study data set, patients with gout experienced 60 more frequent coronary heart disease and a two-fold greater incidence of angina pectoris compared to those without gout [36] . Logistic regression analysis of data from 2,498 participants in the Coronary Artery Risk Development in Young Adults study found that prevalence of coronary calcification increased with serum uric acid level, which implies that hyperuricemia is an independent risk factor for subclinical coronary artery disease in young adults [37] . Stack et al. [38] reported that the hazard ratio (HR) for subjects with gout from data of the NHANES-III (1988-1994) was 1.58 (95% confidence interval [CI], 1.13∼2.19) for cardiovascular mortality, and adjusted HR per 1 mg/dL increase in uric acid was 1.16 (95% CI, 1.10∼1.22) for total and cardiovascular mortality. In addition, they found that 9.7% of subjects with gout had congestive heart failure at baseline compared with 1.8% of those without gout.
There is a question as to whether urate-lowering therapy can reduce the risk of cardiovascular disease. Predictors for development and/or progression of atherosclerosis or endothelial cell function include brachial artery flow-mediated dilatation (FMD), carotid intima-media thickness (IMT), and aortic stiffness index (AoSI). Increased serum uric acid level is a potent risk factor for subclinical atherosclerosis and endothelial dysfunction, showing impaired FMD, increased IMT, and increased AoSI [39, 40] . Considering the effect of urate-lowering drugs on atherosclerosis, allopurinol for three years in diabetic patients with hyperuricemia reduced carotid IMT [41] . The therapeutic effect of urate-lowering therapy, specifically a uricouric agent (benzbromarone), on congestive heart failure was not observed [42] , whereas xanthine oxidase inhibitors alleviated systolic overload-induced left ventricular hypertrophy and dysfunction in a mouse model [43] . However, allopurinol failed to improve clinical status, exercise capacity, quality of life, or left ventricular ejection fraction at 24 weeks in the Xanthine Oxidase Inhibition for Hyperuricemic Heart Failure Patients Study, which was designed to identify the effect of a xanthine oxidase inhibitor on outcomes in patients with heart failure and hyperuricemia [44] . Based on these findings, whether urate-lowering treatment could lead to beneficial outcomes of cardiovascular diseases remains a matter of debate.
It is well known that uric acid directly or indirectly induces remodeling of vascular structures. However, the precise mechanism of uric acid-induced cardiovascular disease has not been clearly defined. It has been suggested that uric acid induces proliferation of vascular smooth muscle cells and/or regulates various signal pathways. Vascular changes by uric acid were mediated by enhanced expression of monocyte chemoattractant protein-1 (MCP-1) and activation of the renin-angiotensin system [29, 45] . In a recent in vitro study, uric acid stimulated a 2.2-fold increase of platelet-derived growth factor receptor beta (PDGFRβ) phosphorylation in primary cultured vascular smooth muscle cells from rat aorta, in addition to p38 mitogen-activated protein kinase and p44/42 [46] . Uric acid-induced oxidative stress, which increases intracellular free oxygen species, led to the development of endothelial senescence and apoptosis using human umbilical vein endothelial cells; this effect was reversed by antioxidants including N-acetylcysteine and tempol [47] . This observation implies that uric acid-induced oxidative stress involves endothelial dysfunction, which could be novel therapeutic target for cardiovascular disease.
Hyperuricemia and insulin resistance
Insulin is the most important biological hormone that regulates energy metabolism, including carbohydrates, lipid, and protein. Insulin promotes the absorption of glucose from the blood into liver and skeletal muscle cells [48] . Insulin resistance is defined as a metabolic state in which insulin sensitivity is abnormally low at physiological insulin concentrations, eventually leading to hyperinsulinemia. Insulin resistance has been thought to be a strong determinant for the development of some components of metabolic syndrome including dyslipidemia, diabetes mellitus, and hypertension.
Despite intensive studies, a causative relationship between uric acid and insulin resistance has not been clarified. It is relatively well established that there is a higher incidence of metabolic syndrome and insulin resistance in patients with gout compared with those of the general population [49] . In an earlier clinical study, decreased urinary uric acid clearance was noted to be inversely proportional to increased insulin resistance, finally inducing an increase in serum uric acid level [50] . Euglycemic hyperinsulinemia by exogenous insulin infusion has been shown to decrease urinary excretion of uric acid, sodium, and potassium in both normal and hypertensive subjects [51, 52] . In addition, Doshi et al. [53] discovered that the urate reabsorption transporter URAT1 protein was involved in obesity/metabolic syndrome-associated hyperuricemia using two obesity mouse models. Based on these available data, insulin resistance can be attributed to the disturbance of urate regulation such as hyperuricemia. In contrast, in an analysis of nondiabetic participants from the Atherosclerosis Risk in Communities Study (n=9,020) followed from 1987 to 1998, hyperuricemia was associated with an increase in the risk of future development of hyperinsulinemia [54] . Similarly, the multiple risk factor intervention trial to determine the relationship between gout and risk of incident type II diabetes mellitus suggested that men with gout are at a higher future risk of diabetes mellitus [55] . A uric acid-lowering effect by the xanthine oxidase inhibitor allopurinol improved low grade inflammation (i.e., macrophage infiltration) and reduced insulin resistance in an obese murine model with metabolic syndrome [56] .
It is known that increased hepatic gluconeogenesis is a distinct feature of insulin resistance and diabetes mellitus. Some hypotheses for uric acid-induced gluconeogenesis metabolism have been suggested. For example, Cicerchi et al. [57] demonstrated that uric acid led to enhanced hepatic gluconeogenesis by inhibition of adenosine monophosphate kinase, which regulates rate-limiting enzymes cytoplasmic phosphoenolpyruvate carboxykinase and glucose-6-phosphatase involved in gluconeogenesis in liver. This finding suggests that urate-lowering therapy might reduce gluconeogenesis in the clinical condition of gout with metabolic syndrome.
Fructose and metabolic syndrome
Fructose is a monosaccharide naturally present in fruits, vegetables, and honey and is mainly absorbed into systemic circulation in the small intestine via specific transporters such as GLUT-2 and GLUT-5 and then metabolized largely in the liver to produce glucose, lactate, triglycerides, and uric acid [58, 59] . Fructose is frequently used to sweeten processed food and beverages. High-fructose corn syrup (HFCS) is one of the most widely used food ingredients and is used in many soft drinks, dairy products, and canned jams. It has been well recognized that a diet high in fructose is tightly associated with insulin resistance, chronic inflammation, and other metabolic diseases including metabolic syndrome; it also disturbs function of various organs and tissues in the body [60, 61] .
Since HFCS was first introduced in 1967, the consumption of fructose has increased considerably [62] . The marked increase in soft drink and fructose-containing processed products is parallel with the increase in serum uric acid [63, 64] . Similarly, our study confirmed that higher consumption of sugar-sweetened soft drinks increased the risk of hyperuricemia in males (adjusted odds ratio [OR], 1.35; 95% CI, 1.07∼1.71) and in females (adjusted OR, 1.40; 95% CI, 1.03∼1.90) [65] .
In regard to the mechanism of fructose-induced production of uric acid, fructose is known to increase uric acid production though increasing adenosine triphosphate degradation to adenosine monophosphate (AMP), a uric acid precursor [1, 66] . As a net result, increased intracellular AMP leads to generation of hypoxanthine and xanthine through activation of catabolic pathways, finally inducing uric acid formation. Based on these observations, some epidemiologic studies supported that fructose intake might increase the risk of development of gout [67, 68] .
Earlier studies recognized that a diet high in sucrose could induce features of metabolic syndrome such as hyperglycemia, insulin resistance, and hypertension [69, 70] . Fructose was found to be responsible for these metabolic disturbances [71] . Moreover, there is evidence that fructose-induced hyperuricemia leads to insulin resistance [72, 73] . Urate-lowering therapy using xanthine oxidase inhibitors such as allopurinol and febuxostat in fructose-feeding rats can prevent the development of hyperinsulinemia, hypertriglyceridemia, and systolic hypertension in the metabolic syndrome. Two hypotheses have been raised that account for fructose-induced insulin resistance ( Figure 2) . First, uric acid inhibits insulin-mediated endothelial NO release, leads to decreased blood flow to skeletal muscle, and subsequently blocks glucose uptake into skeletal muscle [74] . The second mechanism is mediated by increased oxidative stress and an inflammatory response in adipocytes by uric acid [75, 76] . Moving forward, further research should identify whether fructose itself or fructose-mediated uric acid is associated with the pathogenic mechanism of metabolic syndrome.
CONCLUSION
The prevalence of hyperuricemia and gout has been gradually increasing over the past several decades. Metabolic syndrome is defined as a cluster of metabolic and physiologic abnormalities such as hypertension, obesity, dyslipidemia, and abnormal glucose metabolism. The observation that increased serum urate concentration is often observed in subjects with metabolic syndrome is present in a number of epidemiologic studies. As shown in Figure 1 , uric acid or hyperuricemia contribute the development of metabolic syndrome through diverse mechanisms. Urate-lowering therapy might be beneficial to prevent or reduce the development of metabolic syndrome itself or its components. Despite the effect of uric acid on metabolic syndrome, a causal relationship between hyperuricemia/gout and metabolic syndrome has not been clearly determined.
